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This dis tor t ion may  s tand  for an  in ten t iona l  
obstruct ion,  or m a y  be caused by  a na tu ra l  and  neut ra l  
source. As such, i t  recalls a comparison with hit- and  
an t i -h i t  problems in  game theory  and  the mi l i t a ry  
science, prey and  predator  systems in  ecology, patho- 
genic germs and  ant ibodies  in  epidemiology, or an  
in t e r rup ted  communica t ion  channel.  Basically for its 
usefulness is, fo course, the assumed mode of inter-  
action.  

We shall lus t  touch on this  class of problems, a nd  
adopt  the  nomenc la tu re  of an  a t tacker  ~0 and  a 
defender ~p. For  ~, 1/t is a measure of success in  
coming through a barr ier :  ~r equals the mean  pro- 
por t ion  of hits. For  ~v, t is a measure of success on the 
pa r t  of the defence. For  instance,  g iven ~ (t), one ma y  
ask what  ~v (t) maximizes ~. Posing this quest ion makes 
sense only,  if cons t ra in ts  are made  with regard to 
~v(t). A na tu r a l  condi t ion is t ha t  i~ is bounded :  i t  
measures  the effort t ha t  ~v is capable, or willing, to 
br ing  in  for the defence. The same quest ion can be 
formula ted  for a g iven ~v (t), and  asking what  s t ra tegy 

(t) minimizes t, again  with a given T,. Other addi t ional  
cons t ra in ts  can be posited, perhaps with regard to 
which has to do with the unpred ic tab i l i ty  of hi t t ing.  
Also q0 and  ~v can supposed to be affected by  a common, 
or different,  ex terna l  noise factor first, before the 
proper  t r ia l  of s t rength.  Other extensions present  
themselves,  and  they  are of an  in teres t ing  cybernet ic  
na tu re  with non- t r iv ia l  solut ions;  b u t  they  are beyond  
the  scope of this communica t ion .  

Appendix  
Pooling of two processes, each consisting of a time series 

of impulses while the duration of the intervals between 
successive impulses in each series are independent of each 
other and identically distributed with a probability density 

co 
function p~(t) and p~(t). Let t~ = f t . p~( t ) .d t ,  and Q~(t)~ 

0 
co 
fp~(z)" dz; t2 and Q2(t) are analogously defined. If p2.1(t) 
t 
denotes the probability density function of the intervals between 
an impulse of the p2(t) process, and the next impulse of the 
p~ (t) process, then Pv 1 (t) = Q~ (t)/i~. A corresponding definition 
and expression holds for pv~(t). The interval distribution 

(t) between the intervals between the impulses of the pooled 
process is then given by: 

oo 
p( t )  = (p l  (t) f Q~(~) . dT/t~ + p v 2 ( t )  �9 Ql (t)}[2/(tx + t2) + 

t 
oo _ _ 

+ (p~(t) f Q~(v). dv/.~ + pv~(t). Q2(t)} t~/(t~ + i~). 
t 

Or:  
co co 

(ta -+- t2)" P (t) = 20 1 (t) f Q2 (T)" d v  + P2 (t) j" Q1 (T)- d r +  
t t 

+ 2 Qx(t). Q2(t). 
If pl(t) ~p(t)  and p2(t) =p*(t) = v  exp(--v t), we have: 

co 
(1 + v~)e ~t.~(t) = #J 'Q(v) .dz  + 2v Q(t) +p(t)  

t 
and 

(0) = {v 2 t + 2v + p  (0)}/(1 + v t). 
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Summary. Repetitive stimulation of human peripheral 
nerves in aitu produces an amplitude oscillation of the evoked 
action potentials. The purpose of this experiment was to 
describe the dynamics of the response as a function of the 
characteristics of the electrical stimuli. Two attempts to define 
precisely the origin of the response have proved ineffective. 
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Oscillatory phenomena  produced by  impuls ive  
s t imula t ion  of sensory systems have been observed by  
a n u m b e r  of investigators.  Central  nervous system 
structures  seem to most  clearly show these effects 
(Ros~]~I~, 1956; KEIDEL, KEIDEL, and  WIGAND, 1961). 
After  potent ials  in  presynapt ie  peripheral  nerves fol- 
lowing electrical s t imula t ion  have also been shown to 
display oscillatory behavior  (GASSER and  GRUNDFEST, 
1936). LARRABEE and  BRONK (1947) have also shown 
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that  oscillations in the amplitude of the compound 
action potentials occur in postsynaptic nerve tracts  
in the sympathet ic  nervous system. However, the 
response amplitude of presynaptic compound action 
potentials seems generally to be considered to decrease 
without oscillation or not to change at all during 
repetitive stimulation (see Fig. 12 in KEIDI~L, KEIDEL, 
and WmA~D, 1961; Fig. 3 in LARRABEE and B~oNx, 
1947; and Fig. 5 in GASSE]~ and GRU~DFEST, 1936). 
These results suggest tha t  oscillations in response 
amplitude are introduced into the response wavcform 
by synaptie action. ECCLES (1952) has discussed the 
relationship of such phenomena to similar long te rm 
effects of perception and learning. He suggests tha t  
long te rm oscillations may  be sensitive electrophysio- 
logical indicants of behavior and provide a means of 
exploring behavioral plasticity and perception in a 
delicate fashion. 

Some earlier work in our laboratory with widely 
separated stimulus doublets (Bl~owN, 1960) suggested 
tha t  there may  be long te rm effects generated by 
stimulation of human peripheral nerves in situ. The 
present paper presents the results of two studies of 
the dynamics of the peripheral compound action poten- 
tials recorded percutaneously from the human ulnar 
nerve when stimulated by  trains of electrical pulse 
stimuli. Oscillations in the response amplitudes are 
shown to occur. This paper deals particularly with the 
functional relation of this oscillation to variations in 
stimulus amplitude and interpulse interval. 

The data  reported in this paper are for three male 
Ss. Our general technique is a modification of DAwso~ 
and SCOTT'S (1949) and has been described in detail 
elsewhere (UTT~L, 1959). In  particular, pulse electrical 
stimuli were applied to the superficial point of the 
ulnar nerve at  the wrist and compound action poten- 
tials recorded at  the superficial point of the same 
nerve above the elbow. Stimuli pulses were 0.5 milli- 
seconds in duration and the interval and amplitude 
varied according to the designs of the experiments 
described below. 

Two experiments will be reported in this paper. 
The first investigated the effects of variation of the 
magnitude of the repet i t ive stimulus pulses on the 
envelope of response amplitudes. The second experi- 
ment  investigated the effects of variation of the fre- 
quency of the stimulus train on this envelope. 

In  the first experiment, the Ss were st imulated 
with a train of constant current pulses which were 
separated by  12 ms. intervals for a period of 200 ms. 
The amplitude of the pulses in a given train was varied 
to include the following current levels: 1, 2, 3, 4, 5, 
6, 7, and 8 milliamperes. One set of records was taken 
for each of the Ss for each of the current levels. 

In  the second experiment, the Ss were stimulated 
with a train of constant intensity stimuli. The parti- 
cular constant current varied for each S but  was in 
the range of 2.5 to 3.5 milliamperes. The parameter  
varied in this experiment was the interval between 
the sequential pulses. A given train would have an 
interval selected from the following set: 8, 10, 12, 16, 
18, 20, 25, 30, and 40 milliseconds; but, as in the first 
experiment, the total  duration of the sequence of 
pulses was limited to 200 milliseconds. One set of 
records was taken for each of the Ss in this experi- 
ment  for each interval. 

The oscillations in the amplitude of the peripheral 
nerve response exhibit great regularity. At first, some 
consideration was given to the fact tha t  these responses 
might be artifacts of the electronic recording or stimu- 
lating systems rather  than true neuroelectrical pheno- 
mena. A number  of control tests were therefore made 
to minimize the possibility tha t  any electrical artifacts 
were contributing to the response waveform. The first 
test  was simple monitoring of the stimulus current 
as applied to the skin. The current through the elec- 
trodes was monitored by  observing the voltage across 
a 100 ohm precision resistor placed in series with the 
stimulating electrodes. The stimuli were shown by 
this technique to remain constant throughout the 
entire 200 ms. period. Manipulations were than  made 
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Fig. 1. Schematic drawing of the oscillatory response showing the two 
different measurement criteria used for the two different types of response 

on the characteristics of the recording amplifiers in- 
cluding alteration of the upper and lower band pass 
characteristics of the two A.C. coupled amplifiers and 
reversal of the leads from the recording and stimulating 
electrodes. In  no case was an alteration made of the 
relative amplitudes of the responses. A further control 
implicit in the experiment is tha t  the oscillation of the 
peripheral nerve response is at a max imum when the 
muscular twitch which accompanies this electrical 
response is at a minimum. This makes it extremely 
unlikely tha t  we are dealing with some simple altera- 
tion of the sensitivity of the recording electrode due 
to a change in the impedance of the skin-electrode 
interface. This conclusion is further substantiated by 
the fact  that,  in those records in which the terminal 
end of the stimulus artifact could be observed, these 
ends were seen to be relatively invariant.  

Several different measurements were taken as indi- 
cated in Fig. 1, a diagrammatic sketch of the two 
types of typical response. A 1 was the amplitude of 
the largest spike in the initial par t  of the response 
and varied from record to record as a measurement  
of the first, second, or third response, depending upon 
the stimulus interval. A s was the amplitude of the 
smallest spike in the first trough of amplitude. T 1 was 
the t ime from the beginning of the stimulus train to 
the minimum of the envelope. A pulse may  or may  
not have been present at this minimum, depending 
upon the intervals of the pulses in the stimulus train. 

An important  derived measure was the peak to 
trough ratio which was defined as A1/A 2 and which 
is independent of the amplitude of the response. Thus, 
a high peak to trough ratio indicated a considerable 
swing in the amplitude of the response, but  does not 
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differentiate between large or small absolute ampli- 
tudes. 

Fig. 2 shows a 200 ms. typical sample of the series 
of responses to a repetitive train of stimuli. The up- 
ward going spikes are the nerve response and the lower 

Fig.  2. A 200 ms .  long s t imula t ion  period showing the  repet i t ive  
soeillations (200 volts  full scale vert ical)  
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the stimulus artifacts. I t  can be seen that there is an 
oscillation of the amplitude of the responses as a func- 
tion of serial position which lasts for a considerable 
period of time. In  some records this oscillation may 
appear to continue for 300 or 400 milliseconds. But, 
like many damped oscillations, it appears that succes- 
sive amplitude swings are progressively smaller. 

As the stimulus amplitude is increased, the follow- 
ing sequence of events was exhibited by all subjects. 

Responses cannot be distinguished from noise for 
stimulus amplitudes of 1 and 2 ms., but begin to 
emerge at about 3 ms. At 4 milliamperes, all responses 
were clearly visible and the oscillation peak to trough 
ratio was most clear. Above this stimulus intensity 
the size of the responses continues to increase, but 
the ratio of peak to trough amplitudes decreases. In  
general there appeared to be no change in T 1 - -  the 
time at which the first trough appears. All Ss showed 
this same pattern. Differences between Ss were, how- 
ever, observed in the stimulus intensity at which the 
responses appeared. The steady increase of A 1 as 
stimulus intensity is increased and the steady de- 
crease in AI/A 2 during this same variation are plotted 
in Fig. 3 with data pooled for all Ss. 

Because of the variation in threshold at which the 
responses emerge, stimulus intensity in the second 
experiment was adjusted individually for each subject. 
Fig. 4 shows the pooled data for all subjects in all 
trials in which the stimulus interval was varied and 
the amplitude held constant. Thus, each plotted point 
represents the average of six measurements. The ampli- 
tude of Ax remains constant over the entire range of 
intervals studied. The peak to trough ratio Ax/A2, 
however, shows a gradual decline as the interpulse 
interval is increased. This decline, however, does occur 
for a trough with T~ essentially constant regardless 
of interpulse interval as can be seen from the other 
curves in this figure. 

Inspection of superimposed responses revealed no 
change in the latencies of the responses during the 
repetitive stimulus burst. 

In this experiment we are dealing with an oscilla- 
tion of response amplitude which occurs during tetanic 
stimulation rather than the recovery effects which 
follow the tetanus. LARRABEE and BRONK'S (1947) 
study of sympathetic ganglia is the only other observa- 
tion of oscillation during a tetanus to have come to 
our attention. Their study shows a similar oscillation 
but only when the stimulus is applied to the pre- 
synaptic neurons and the response recorded from post- 
synaptic ones. If  the stimulator is then moved to the 
post-synaptic tract, the responses are flat during the 
tetanus and the post-tetanie potentiation (PTP) is 
absent. This suggests that  these oscillatory phenomena 
may be related to synaptie action. 

We are faced with the question of the origin of 
the oscillatory potentials in our records. There are two 
principal hypotheses which remain once we exclude 
artifacts of technique and accept these oscillations as 
true neurophysiological events. The first assumes that  
the oscillation is due to the changes in the nerve 
membrane potentials which occur during tetanic sti- 
mulation. Thus, the oscillation could reflect the collec- 
tive "hunting" of the involved nerve membrane poten- 
tials for new equilibrium levels. The oscillation would 
be related in this case to refractory periods and a 
non-monotonic accumulation of after potentials during 
the repetitive train of stimulations. 

The second hypothesis assumes that  the effect is 
not a function of the nerve membrane dynamics of 
the stimulated nerves but rather is a result of reflex- 
ively generated centrifugal activity by spinal or higher 
centers. Thus, in this case, efferent activity would be 
assumed to be interfering with the afferent activity 
represented by this compound action potential. 
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The exis tence of such ref lexive ac t i v i t y  has  been  
es tabl ished.  TO~NNI~S (1938) has  descr ibed  a dorsa l  
roo t  reflex of sensory  fibers in  which spike ac t ion  
po ten t ia l s  are ref lected back  along the  same afferent  
f ibers which conveyed  the  nerve impulse  a w a y  from 
the  po in t  of s t imula t ion .  FULLERTON and  GILLIATT 
(1965) have  more  recen t ly  r epo r t ed  ano the r  axon  
ref lex which appea r s  to  be p roduced  a t  b ranch  poin ts  
in  efferent  f ibers  s t imu la t ed  an t id romica l ly .  The fac t  
t h a t  the  effect r epo r t ed  in th is  p resen t  expe r imen t  was 
more  p ronounced  a t  the  low s t imulus  in tens i t ies  a t  
which sensory fibers are more  l ike ly  to  be exc i t ed  
(DAwsoN, 1956) suggests  t h a t  the  dorsa l  roo t  reflex 
is a more  l ike ly  exp lana t ion  if a f eedback  exp l ana t i on  
u l t i m a t e l y  proves  to  be more  appropr i a t e .  

To tes t  these  hypotheses  two add i t i ona l  experi-  
men t s  were a t t e m p t e d .  The f irst  was pe r fo rmed  on 
the  same h u m a n  subjec t s  used  in the  ear l ier  pa r t s  of 
the  expe r imen t  and  s imply  invo lved  switching the  
s t imula t ion  and  recording electrodes.  Thus,  s t imula-  
t ion  was app l ied  above  the  e lbow and  i t  was hoped  
t h a t  recordings  would be made  a t  the  wrist .  Unfor tun-  
a te ly ,  the  u lna r  nerve a t  the  elbow has  a v e r y  large 
m o t o r  componen t  feeding much  of the  forearm.  Elec- 
t r i ca l  s t imula t ion  a t  the  elbow, therefore ,  produces  a 
mass ive  m o t o r  response in the  fo rea rm and  the  resul t -  
ing e l ec t romyogram comple te ly  masks  the  nerve ac t ion  
potent ia l s .  This  a t t e m p t  was, therefore,  ineffect ive.  

The second add i t iona l  expe r imen t  was an  a t t e m p t  
to  rep l ica te  and  then  surgica l ly  man ipu l a t e  these 
osci l la t ions in  the  analogous  u lna r  nerve of two cats.  
The u lna r  nerve  was exposed  a t  the  two superf icial  
po in ts  on the  ca t ' s  uppe r  l imb.  S t imul i  were app l i ed  
to  the  lower po in t  and  responses  r ecorded  f rom the  
uppe r  point .  I t  p roved  impossible  to  repl ica te  the  
osc i l la tory  phenomenon  found  in m a n  in the  cat ,  and  
this  expe r imen t  also p roved  to  be ineffect ive as a 
means  of resolving the  quest ion of origin. 

The  basic charac ter i s t ics  of th is  response suggest  
a f eedback  exp lana t ion  of th is  phenomenon.  The in- 
sens i t iv i ty  of the  wave leng th  of the  osci l la t ion to  
s t imulus  in t e rva l  va r i a t ion  suggests  t h a t  a cons tan t  
fac tor  such as t ransmiss ion  t ime  from po in t  of s t imula-  
t ion  to  the  po in t  of i n t e rac t ion  is involved .  A nerve 
m e m b r a n e  hypothes i s  would  p r o b a b l y  involve  a fre- 
quency  sens i t iv i ty  as more  and  more  f requent  s t imul i  
p roduced  cumula t ive  effects in the  a f te r  po ten t ia l s .  
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Summary. This paper is concerned with a model for the 
interaction of certain behaviour patterns of a fish (Pelmato- 
chromis subocellatus kribensis BOUL; Cichlidae). Five be- 
haviour patterns (schooling behaviour, locomotion, biting, 
fleeing, camouflaging) are described as a function of four 
external stimulus patterns (C02-concentration, school-signal, 
conspecific's signal, frightening-signal) and three so-called 
internal states of readiness (readiness to school, readiness to 
attack with bites, responsiveness to frightening stimuli). In 
accordance with the statistical appearance of behaviour 
patterns the model contains five interdependent statistical 
pulse generators. This model is planned to find and to confirm 
a theory for a quantitative description of behaviour patterns, 
the interdependencies of which give a representation of the 
internal structure of the organism. 

1. Einlei tung 

Auf der  vom NTG-FachausschuB 1 a m  30./31.10.  
1963 im I n s t i t u t  ffir Nach r i ch t en t echn ik  der  Tech- 
nischen Hochschule  Miinchen v e r a n s t a l t e t e n  Dis- 
kuss ionss i tzung , ,S tochas t i sche  Vorg~nge in  der  Bio- 
logic" ber ich te te  H ~ I L I G ~ B E R a  fiber das  I n s t i n k t -  

ve rha l t en  yon  F ischen  (Pe lmatochromis  subocel la tus  
kr ibens is  Bov~. ,  Cichlidae).  E r  s tel l te  dabe i  e in  
Blockscha l tb i ld  auf (leicht vere infachte  Dars te l lung  
in Abb .  8), das  aus de r  K o r r e l a t i o n  der  H~uf igke i t  ver-  
schiedener  Verhal tensweisen  en twicke l t  wurde  und  
einen qua l i t a t i ven  Z u s a m m e n h a n g  dieser  t t~nf ig-  
ke i t en  m i t  Reizs ignalen  und  den  sog. Bere i t schaf ten  
beschre ib t  [1]. Diese Zusammenh~nge  stel len eine 
Abb i ldung  yon  VorgKngen und  GesetzmKBigkeiten im 
t ier ischen Organismus  dar ,  soweit  Verha l tensweisen  
d a v o n  abhKngen. I n  de r  Diskuss ion  e n t s t a n d  der  
Wunsch ,  dieses Sys tem durch  ein e lekt ronisches  
F u n k t i o n s m o d e l l  nachzubi lden ,  u m  seine Real is ier-  
ba rke i t  zu prfifen und  m6glicherweise wei tere  E rkenn t -  
nisse fiir eine zweckm/ii3ige Beschre ibung  q u a n t i t a t i v e r  
E igensehaf ten  yon  Verhal tensweisen  zu gewinnen.  
I m  R a h m e n  einer  D i p l o m a r b e i t  wurde  e in  solehes 
Modell  v o m  Verfasser  en twieke l t  und  seine F u n k t i o n  
m i t  den  am Tier  gewonnenen  Ergebn issen  vergl ichen.  


